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Abstract

A detailed account is given of observations of parity nonconservation

. 2 2 . . 203,205 .
in the 6 Pl/2 -7 Pl/Z transition in 81Tl * . Absorption of circularly

polarized 293 nm photons by 62P atoms in an E field results in

1/2

polarization of the 72P state through interference of the Stark El

1/2

amplitude with M1 and parity nonconserving El amplitudes. This polarization
is detected by selective excitation of my, = +1 components of 72?1/2 state to

the 8251/2 state and observation of the ensuing decay fluorescence at 323 nm.

Systematic corrections due to imperfect circular polarization, misaligned E
fields, and residual magnetic fields are determined precisely by a series of

auxiiiary experiments. The result is expressed in terms of the circular

- dichroism & = +(2.8 & l'0) X 10‘3, to be compared with theoretical
v expt -0.9 ‘

estimates based on the Weinberg-Salam model for sinzfew = 0.23:

S +(2.1 £ 0.7) x 1073,

theo
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1. Introduction

In this paper we report observations of parity nonconservation in the

2
/2= TP

effect occurs because of the neutral weak interaction between valence

62Pl transition in atomic thallium (Z.= 81, A = 203, 205). This

electron and nucleus, and its observation provides a useful test of the

. . . 1-6
Weinberg~Salam (standard) model of weak and electromagnetic interactions .
Parity nonconservation in the electron-nucleon interaction has also been

9

observed in scattering of high energy polarized electrons on deuterium
and in optical rotation experiments in atomic bismuthgalz°

The results of a preliminary version of the present experiment13,
and more recently a brief summary of our latest resultsl4, have already
been published. Here we present a detailed description of the experimental
apparatus and procedure, an analysis of systematic errors and corrections,
a summary of results and a comparison with theory and other experiments.

It is generally assumed that the neutral weak interaction between
electron (e) and nucleon (N) occurs by exchange of a massive neutral vector
boson ZO, This exchange modifies the Coulomb hamiltonian by adding an
effective zero-range potential H' containing scalar (S) and pseudoscalar
(P) parts: H' = HS + HP' Assuming the standard model, the dominant

contribution to HP is:

G ,
where G is the Fermi coupling constant, Qw = (1 - 4 sin2 8) Z - N and

. . . ... 3-6 .
p(g) is the nuclear density, r being the electron position . Matrix

elements of HW are non~zero only for atomic orbitals of opposite parity




with non-vanishing value or gradient at the nucleus (31/2, p1/2 orbitals),
and these matrix elements vary approximately as 23. V
The transition 62P - 72P in Tl (see Fig. 1) is forbidden Ml
1/2 1/2
with measured amplitude
M= (-2.1 % 0.3) x 107 —e—h——-l (2)
Zmec

Parity nonconservation causes the 62P1/2, 72?1/2 states to be admixed
with 281/2 states and the transition amplitude acquires an electric dipole

component 8p’ given to order G by:

E E E
5 6P1/2 nS 7P

n Sl/2

- E
1/2 nS

where OEM is the electromagnetic transition operator. Interference between
8p and M results in circular dichroism, defined by:
g, -0 2In(M*& ) 2Im &
- - P~ . p

(4)

where 0, are the cross sections for resonant absorption of 293 nm circularly
polarized photons with * helicity respectively. (Time reversal invariance
requires 8p and M to be relatively imaginary4.) Theoretical estimates of

5,16,17. The

& and 6 have been carried out by a number of authors
P
. . . 17
wave functions generated in some of these calculations have been used to
compute various auxiliary quantities for comparison with spectroscopic data.

In general, agreement between calculation and experiment for these

. , . , 2 .
quantities is very satisfactory. For sin GW = 0.23 one obtains:

. Z <72Pl/2]oEM§ns>§ns[le6291/2>+<721>1/2[Hw]ns><nsloEM162P1/2“>

(3)
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- R.theo” _ | (9. 1+ 0.7) x 1073 (5)
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Recently, more sophisticated many-body calculations of &p have been carried

out, yielding a similar resultls,

2. Experimental Method
We employ a method first suggested by Bouchiat and Bouchiata, in which

an external electric field E is applied to Tl vapor. This field Stark-mixes

2

P states with 2S and 2D states. The 6P - 7Pl/2 transition

1/2 1/2 3/2 1/2
intensity, proportional to Ez, is thus increased above background (the

latter being due to light scattering and atom-atom collisions). Interference
between M and the Stark amplitude, and between 8p and the Stark amplitude,
results in a polarization of the 721’1/2 state. Let the 293 nm (uv) photon

beam be along X and choose E = EY (See Fig. 2a). One then finds the

72Pl/2 polarization along Z to be:
P (F=0+F =1) = - 20 (1 + §/2) (6)
z BE -
PoF=1or =) = G2y g @
2 (3a° + 284)E
P (F=0~>F =0)=0 ’ (8)
2 2 19

for each indicated hfs component 6 Pl/2’ F~>7 P1/2’ F' of the transition.
Here * refer to *293 nm photon helicities. Also OE, BE are Stark amplitudes,

with:
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3/2 .
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B=3 £ R7p,ns R6p,ns (%6 “E g E - Ens>
(10)
1 < 1 , 1 )
+ = E : R R -
9 7P,nD "6P,nD \E, - E  E, - E_,

nD3/2

_ 2 _ 2 _ 42 2
where E6 = E(6 P1/2)’ E7 E(7 P1/2)’ and R7P,nS = <} Pl/zlr‘n Sl/i)’ etc.
The parity nonconserving terms in the polarization (i.e., those proportional
to 6/2 in equations 6,7) are pseudoscalars of the general form h k X E°<§)
where h is the photon helicity, k‘is the photon wave vector, and E is the

atomic angular momentum in the 72P state. Although the pseudoscalar

1/2
term arises from interference between 8? and OF and/or PBE we express it in
terms of O, since the latter quantity is measured more accurately than
either M or &p separately in the present experiment.

We analyze the 72131/2 polarization by selective excitation of the
m, = +1 or -1 components of this state to the 8251/2 state, using
circularly polarized 2.18p light, directed along -z, and we observe the
intensity of 323 nm (8281/2 - 62P3/2) fluorescence (See Fig. 2b). The
analyzihg power of this method is approximately 0.7. Fig. 3 ié a schematic
diagram of the apparatus, which we now deséribe in detail.

The cell consists of a "main" section which encloses the electric
field region, and a "stem" section, the thallium reservoir. These are

constructed of fused quartz, and are supported by a pumpout tube which

is normally kept closed by means of a remotely actuated ground quartz



ball-and-socket valve. Surrounding the cell are the "main' and "stem"
~ ovens, which are electrically heated stainless steel (see Fig. 4). The
cell body consists of a suprasil cylinder (Amersil Corp.) of 69 mm o.d.,
2 mm. wall thickﬁess, fused to top and bottom fused quartz end-plates.
The cylinder was carefully selected for high optical quality. The
electrodes are flat tantalum plates, 1 mm. thickness, suspended from the
cell ceiling by quartz rods and spacers. The electrode separation is
14 mm. The connecting tantalum wires pass through closely fitting
quartz capillary tubes to tungsten-glass feedthroughs in the cold portion
of the cell assembly. Thallium condenses in the capillaries and seals
them.

The stem is a 5 mm. 0.d. quartz tube below the main body of the
cell. It contains a tantalum crucible which is loaded with 99.999% pure

thallium metal with the natural isotopic abundances (29,5%_T1203,

70.5% T1205). During the experiment the stem temperature is maintained
at about 920° K (corresponding to a Tl vapor density n = lOlsycmAB) and
the main portion of the cell is at about 1000°‘K. The cell-oven assembly
is surrounded by three concentric cylindrical stainless-steel heat
shields and mounted inside a rough vacuum tank. The pressure in the
latter is deliberately maintained at about 5 X 10_3 torr with a controlled
air leak so that oven surfaces remain oxidizéd. This minimizes the
presence of chromium and/or manganese vapor which attacks quartz at
1000° K.

The experiment employs two essentially identical flash-lamp pumped

tunable pulsed dye lasers (L1, L2), built in this laboratory. Details of

design and construction have been reported elsewhereeo. L1 operates at



585 nm and is used to produce 293 nm light in a doubling crystal for the

2 2
6 Pl/2 - 77P

1 GHz in bandwidth. The frequency is actively stabilized by computer

1/2 transition. The pulse is 0.5 us fwhm and approximately

control of intracavity optics. Typical output energy is 10-12 mj/pulse at
a repetition rate of 20 s-l. Laser L-2 delivers 6-7 mj/pulse with a
bandwidth of approximately 15 GHz. The two lasers are synchronized and
have a relative time jitter of less than 5 ns.

62 cm lens into a

Light from L1 is focussed with an £
S em X .5 em X 5.0 em crystal of NH4H2A804 (ADA) for second harmonic
generation. The crystal is temperature stabilized to maintain a
90° phase match condition. Typically we generate 0.6 - 0.7 mj/pulse at
293 om. Light emerging from the ADA crystal is linearly polarized
vertically, orthogonal to the 585 nm pump beam. A Glan-air calcite prism
is used to separate the beams and define the uv linear polarization
precisely before the beam enters the circular polarizer. The latter is a
Pockels cell (Inrad) consisting of a 2 cm crystal of KD*P (KD2P04)
aligned with its principal axis along the beam direction. Application of
about #1000 V to the Pockels cell's electrodes results in * A/4 retardation.
The voltage is pulsed to eliminate the effects of long term relaxation in
the retardation which occurs with a dc electric field, and a slow
(100 us) rise time is chosen to avoid crystal resonances. Initdial
alignment of the Pockels cell is made optically and final alignment makes
use of the Stark effect in thallium itself (see Sec. 4.3). The sign of
helicity of the uv beam as a function of Pockels cell polarity has been
determined optically and by observation of the o~f8 interference in

thallium. (See eqn. 11).



The 2.18 u light is produced by a Chromatix CMX-4/IR Optical Parametric
Oscillator (OPO) driven by L2. The resonant wave in the OPO has A = 800 nm,
and the difference wavelength is 2,18y with a bandwidth of 2 cmwl

(Chromatix specification) and a spectral profile with the same mode spacing

as the pump (150 MHz). This is sufficient to saturate the 72P1/2 - 8281/

transition, which has a Doppler width of 230 MHz. Typically we obtain

2

.2 - .3 mj/pulse, which is attenuated by 50% before entering the cell to
maximize analyzing power. TFrequency jitter causes 10-157% signal fluctuations
per pulse. The 2.18U beam is split into two beams of equal intensity with
a thin wafer of polished silicon. The two beams pass through individually
adjustable linear polarizers (Polaroid HR plastic) and
crystalline quartz quarter-wave plates (Virgo Optics) set to produce beams
of opposite helicity in the two interaction regions defined by iﬁtérsection
with the uv beam (See Fig. 3). The fractional difference between signals
observed in these two regions is proportional to the polarization PZ and
quite independent of pulse-to-pulse intensity fluctuations of the light
beams. The quarter wave plates are rotated automatically about theif
axis parallel to X once every 128 pulses to reverse the helicity in each
region. The 2.18y beams are aligned perpendicular to the 293 nm beam to
within 1°. A computer controlled solenoid-actuated flag automatically
blocks the 2.18u beam for background measurements.

The adjustable linear polarizers compensate for imperfections in the
orientation of the quarter wave plates. We monitor the signal size

asymmetry

L2 8p,2UrH) - 8y Hlir-)
ir 81’2(1r+) + Sl’z(lr—)



where irt refers to the helicity of the infrared light, and 1,2 refer to
regions. By adjusting the rotational orientation of the linear polarizefs
Fir and Fir can be made equal and both f_10-3. Because the 7P-8S
transition is heavily saturated, the asymmetry in the admixture of
incorrect polarization when Fir = 10“3 is only ~ 2 x 10-5. This equalizes
the analyzing power for ir+ and ir- in each region (although the analyzing
power is different in the two regions). By direct measurement, the
intensity ratio is:

I(desired helicity) _ .00l in region 1.
I(unwanted helicity) ,0025 in region 2.

The rough vacuum tank contains an off-axis rotating window in the front,
through which the 293 nm beam enters. This is rotated from time to time by
hand so that the uv beam enters through a clean portion of the window.

The dielectric mirror at the rear of the tank is used to reflect the uv beam
back through the cell. It is back-surfaced so that contaminants from the
oven cannot damage the dielectric fiim. The mirror is mounted off-axis

on a rotating seal to allow selection of locations on the mirror which

are clean and have minimal birefringence. The reflected beam can be

blocked automatically by a solenoid-actuated flag controlled by the computer.

Water cooled magnetic field coils capable of producing *8 gauss along
the x (uv beam) direction are mounted inside the vacuﬁm tank. These are
used for diagnostic purposes (See Sec. 4.7). Large diameter coils outside
the vacuum system are used to cancel the earth's field and to generate a
large magnetic field in the y direction for observation of the Hanle

effect (See Sec. 4.5).
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Each interaction region is viewed by two photomultiplier tubes. The
323 nm fluorescence accompanying 881/2 - 6P3/2 decay is collimated by
38 mm dia f/1 fused silica lenses inside the oven, passes through holes .
in the heat shields and then through double quartz windows in the detector
ports. These windows are cooled by a flowing filtered solution of Phthalic
acid (6 g potassium acid phthalate per liter distilled HZO)' This
solution is a liquid filter with a sharp low-pass cutoff at about 310 nm21.
Next in line is an interference filter at 323 nm (peak transmission
25-30%, fwhm 2.5 nm) which also contains a UG-11 infrared and visible blocking
filter. Finally there is a spatial filter consisting of a 38 mm dia. f/1 quartz
lens and an aperture at the focus.

The photomultipliers are 9780 QB (EMI) with bialkali photocathodeé énd
quartz windows. The anodes of the two tubes viewing each region are
connected together and capacitively coupled to charge integrating
preamplifiers. The output pulse is amplified, digitized and sent to an
LSI~11/2 computer.

No component introduces electronic or digitizing noise greater than
l()“3 of the signal, per pulse. A typical signal at each photomultiplier
cathode on the 0-1 resonance at a Stark field of 215 V/em is 104 photo-
electrons per pulse. The signal-~to-background ratio for these conditioné
is about 10:1., Most of the background is due to scattering and
fluorescence of 293 nm laser photons in the cell walls. The remaindér
arises from atom-atom collisions and miscellaneous small effects.

For linearly polarized uv light with polarization £, only the F = 0 -
F' = 0 transition is allowed for EllE, while forvélg, only the 0-1 transition
can occur., This fact is used to monitor the frequencv of the light. (Here
we ignore the 1-1,1-0 transitions which. are separated from the 0-0, 0-1

transitions by about 21 GHz.) After the uv laser beam is.reflected
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back through the main cell and rough vacuum tank, it suffers two 90°
reflections from aluminum mirrors with orthogonal planes of incidence.

The retardation effects of each reflection cancel, leaving the beam
circularly polarized but travelling parallel to -z (See Fig. 3). It then
passes through é fixed quarter wave plate which changes the =+

helicity photons into alternative éx or éy linear polarizations. The beam
enters a second vacuum tank which houses a separate oven and thallium

»7%s

cell with external electrodes. The fluorescence (72Pl/2 1/2 - 62P3/2
at 535 nm from this cell is viewed by a single phototube. Observation of
the signal asymmetry between I(éx) and I(éy) determines the frequency
directly in terms of the ratio I(0-1)/1(0-0). This ratio, corrected for
background dilution, is averaged over 256 pulses by the computer, which
uses the result to tune L1. An intensity ratio T(0-1)/1(0-0) = 15 is
maintained in the monitor cell, which corresponds to the ratio
1(0-1)/I(0-0) = 11 in the main cell. The discrepancy is caused by higher
efficiency for pumping F = 0, n = 0 72Pl/2 atoms to the 8281/2 state,

than for F = 1, m, = t1 atoms.

;
3. Selective Excitation and Analyzing Power
atoms to the 828

The selective excitation of 72P state by 2.18u

1/2 1/2
circularly polarized light may be calculated in a straightforward way
using coupled rate equations for the 8 Zeeman levels. The solution yields
the signal size in the 323 nm channel, compared to the 535 nm signal which
would be observed if all 72Pl/2 atoms were allowed to decay via 7S. When
laser L1 is tuned to the 0-1 transition, 6% of the atoms excited to

72P

1/2 decay at 323 nm, while on the 0-0 transition, the fraction is 107%.
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The calculations also yield the polarization analyzing power at the
frequencies where data are taken, vs. 2.18u light intensity, and as a
function of purity of 2.18u circular polarization. The effects of these
can be seen in figure 5. As the infrared intensity increases, the 323 nm
signal saturates. Further increase eventually causes a dilution in the
measured polarization, due to imperfect 2.18u photon helicity.

The analyzing power has been measured by observing an interference
between 0 and B Stark amplitudes in the 1-1 line. Excitation by circularly
polarized uv produces a large polarization PX of the 72P1/2 state along the

+x axis:

4o
3u2 + 262

Px(l—l) = % ~ 0,76 (A

for *293 nm helicities respectively. We have performed an experiment in
which the 2.18u circularly polarized beam propagates along -x, opposite to
the 293 nm beam. The 323 nm fluorescence exhibits a very large asymmetry
depending on uv and ir helicities, arising from Px(l—l), Observations of
this asymmetry yield’a measured analyzing power of about 70%, in agreement

with calculations of selective excitation.

4. Analysis of Systematic Errors and Corrections

4.1 General Remarks
Certain important features of the apparatus and experimental procedure
are utilized to reduce or eliminate possible systematic errors. These

are as follows:
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2
1/2° T P/20

transition (0-1 line). The polarization for the 0-1 line is about

a) All parity data are taken on the (62P F=0- F' = 1)
4.5 times greater than for the 1-1 line (although the total signal is
about 7 times less). More important, the 0-1 line is much less
susceptible to possible systematic errors than the 1-1 line.
b) Two interaction regions, with opposite i.r. circular polarizations,
are used (as described in Sec. 2).
¢) The electric field polarity is reversed with each pulse.
d) The sign of uv helicity, determined by Pockels cell voltage polarity,
is given by the sequence:
EE I I IR R I S T SR

The sequence begins in a random place after each set of 128 pulses. It
is chosen to eliminate correlations between E polarity and uv helicity.
e) The ir circular polarization reverses after 128 pulses.
f) The 721’1/2 polarization consists of a parity nonconserving part
¥ 2 Im &p/BE and a parity conserving part - 2M/BE. The latter reverses
with direction of uv beam and is largely cancelled when the mirror is
used. Data are taken with the mirror blocked, and with it unblocked.
Background measurements (in which no i.r. reaches the interaction regions
but other conditions are the same as for signal) also are taken with and
without the mirror. Observations of the parity asymmetry are also carried
out on the 0-0 line, as a null experiment.

As will be discussed in detail iﬁ Secs. 4.3-4.7 the remaining sources
of possible systematic error not eliminated by these precautions are
(1) imperfect uv circular polarization, (2) misaligned electric fields which

do not reverse exactly in proportion to the main component of electric
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field, and (3) magnetic fields. It will be shown that these effects can
be measured precisely by a combination of auxiliary experiments, and

corrections applied with very small uncertainty.

4,2 Data Collection

Three digitized signals are received from the computer on each pulse:

one from each of the interaction regions (Tls TZ)’ and one from the

monitor cell. We have T where S,B denote signal and

1,2 = 51,27 By 0

T, are compiled into 16 sums denoted

background, respectively. The Tl’ 9

by the array Tijkl' Subscripts ijkf are given by the following table:

i=0,1 uv pol *
i=0,1 ___E +
k =inl ir polk +
. =1,2 Region 1,2

After 256 pulses the Tijk% are stored on disk. Eight polarizations P are

computed by subtracting the regions:
Tijkr ™ i
Tigkr * Tisgie

Pisk =

The following quantities are formed:

(12)

1 _ _ _ _
by =8 [®000 = Poor ™ Poro T Porr’ * Proo ~ Pro1 ~ Pi1o * Pr11)!
=1 - _ - - -
bp =8 [®h00 =~ Poo1 ~ Poro ™ Por1’ = P00 ~ Pro1 ~ P10 T Pr11)!
A=L [ P 4P P Yo (P.. P, . -P.. +P. )]
£~ 8 Pooo ™ Poor T Poro ~ Po11 100 ~ F101 7 P110 * P11

Apart from background and residual systematic effects, to be discussed below,

AM is the polarization due to M1l-Stark interference: - 2M/BE, and AP is the

parity nonconserving polarization: - 2 Im (8P)/BE. AE and other signals and

(13)

(14)

(15)
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asymmetries calculated from the Ti’ are used for diagnostic purposes and

jk&
corrections to the data. The data collection sequence is discussed further

in Sec. 5.1.

4.3 The Effects of Imperfect uv circular polarization

Various dilutions of the Ml-Stark polarization occur because of
background, small admixture of 0-0 intensity in the 0-1 line, and
imperfection of the 2.18U polarization. In addition the M-l Stark
interference depends on k and is thus reduced by reflections. If any
of these dilutions vary as a function of uv circular polarization, this
results in a uv polarization~dependent observed Ml asymmetry which would
be interpreted as a (false) parity asymmetry. However, the net effect
can be expressed in terms of experimentally measured parameters.

The measured M1l asymmetry may be written:

S, - 8§

A =D f T

M= G A B Mo (16)

whéfe AMO is the undiluted Ml asymmetry, Di r is the i.r. analyzing power,

and S Sr are the signals in the 0-1 line for the forward and reflected

f’
uv beam respectively. Di £ cancels in the ratio AP/AM so we ignore it in
the following.

For data taken with the mirror blocked, it can then be shown that (16)

becomes:
S
_ b 1 1 - r)
MTE B, G+ D (5 v "o (17)
where f = SOO/SOl ~ 0,09, r is the effective reflectance of the quartz

cell, and b stands for "blocked data'. The false parity asymmetry is then

By~ By
bp = (18)
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where we employ AM+ for * uv circular polarization. It can be shown that

(18) becomes:

B
b _ 1+ £f\[ b _ 2f
AF‘A-Mb(l-f>[3b Ty Yb)+l+frb] (19)
where
. (5+B), - (S+B)_
b (S+B), + (S+B) _
and
'Y =M
b B, +3B _

The first term in (19) is due to asymmetric background dilutions, the
second to 0-0 contamination. Each of the quantities on the RHS of (19)
is measured during data collection. Fine adjustment of the Pockel cell
voltage is made during data collection to minimize Fb which is nonzero
primarily because of bolarization imperfections.

Most of our dat;'were collected with the mirror unblocked., This
was done to increase signal and reduce systematic effects associated with
AM (the latter is decreased by about a factor of 4 when the mirror is
unblocked). However, the uv polarization does suffer a slight degradation
on reflection from the mirror, which is back-surfaced, and this can also
result in a difference Sf - Sr which depends on uv circular polarization.

It can bhe shown that in the "unblocked" case:

1+ £ (s +B),

Bpy = AMb(l - f/sb(s +B)

[2(5 + B)b(I’b - Fu) + ZBb(I’u - Yb) + Bu(Yu - Fu)

2f

MR

(2s, - Su”u] (20)
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The subscript u refers to "unblocked". The first term on the RHS of (20)
accounts for forward and reverse beam polarization asymmetries. The other
terms describe the dilutions already discussed; all are expressed in terms
of measured quantities. It has Been assumed in this discussion that the

effective reflectance of the front and rear of the cell are the same.

4.4 The Effects of Misaligned Electric Fields

A static electric field of #215 V/cm exists in each interaction region
duriﬁg each pulse. Ideally the field is along the y axis perpendicular to
k, (along %) and Z (the i.r. beam direction). In reality k, defines % and
the 2.18u beam(s) define the X - Z plane. Elmay then have x, y, and z
components, and §+, E_ may differ siightly in magnitude and direction.

We now analyze the consequences of thiszz, assuming the uv light is
perfectly circularly polarized:

A e
€i=

%

I’ - a A fay $ . 2 s 2
Assumlng»§~— Ex X+ E_y+ Ez z, a finite 7 Pl/2 polarization appears for

¥

the 0-1 transition even in the absence of M and 8? amplitudes:

2E_E

P = F ?2‘ d for Ef, >> Ei, Eﬁ (21)
E \
y

PE reverses with uv circular polarization and behaves the same in this

respect as AP. However if E reverses exactly P, remains unchanged,

E
unlike AP. Therefore PE contributes a false parity asymmetry Af only if

E does not reverse exactly. We separate E into reversing and non~reversing
components:

B, =By *+ 4B, E =-E,*tAE (22)
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Assuming E. >> AE AE

Oy v EOx’ AEZ, we find

x° EOz’
(2E. AE  + 2E. AE ) 4E . E_ AR
Ap = - Ox "z ; 0z x + OXBOZ v (23)
Foy "oy

o ° A 3 o
The quantities AEy, EOX’ Ex’ EOz’ AEZ are determined experimentally

(see Sec. 4.7).

4.5 Magnetic Fields

Two magnetic field effects can contribute false parity asymmetries:
hyperfine mixing, and precessionkof 721’1/2 polariéation components PX,P
into the z direction due to magnetic fields By, Bx respectively (Hanle
effect).
a) Hyperfine mixing.

An external magnetic field mixes states of different M. We define

the quantities

g HaB.
n _ °J 01
wy = mZhAvn , : (24)

where Avn is the hyperfine splitting of the nzP state, - To lowest order

1/2
in the magnetic field the 0-1 72Pl/2 polarization is:

a

P =7 wo - w') B (25)

oM 6 7
BE “Tx X

where E is assumed to be in the y direction. This polarization, like AP;
reverses with UV circular polarization and E. It yields a false parity
asymmetry equal to that expected for AP wﬁen !Bx’ = 5,5 gauss. However,
during the experiment Bx £ .01 g., so this effect is small and we ignore

it in the following discussion.



~19-

b) Hanle Effect

The large polarization Px(l—l) along %X for the 1-1 line (Eq. 11) can
be made to precess into the Z axis by imposing a magnetic field By’ With
an earlier apparatus we observed the circular polarization of the 535 nm
decay fluorescence in the 2 direction. Taking into account precession in
state with a known ﬁean lifetime, we obtained the result:

)y = (2.14 + 0.1) X 107 s“l. (See Fig. 6). The precession

2

2 2
A(TRy o > 778y )y

can also be observed in 323 nm fluorescence, although this is complicated

2
the 7 Sl/

because of coupling of 7ZP and 825 states by the 2.18U circularly

1/2 1/2
polarized laser field. The observations agree reasonably well with

calculations of this effect. A measurement of the precession angle 0 as
X

a function of magnetic field BX will be described in Sec. 4.7.

4.6 General Treatment of Systematic Effects
We combine the aforementioned effects and write a general
‘62Pl/2 (F=0) 72131/2 (F' = 1) transition amplitude for a thallium atom-

in arbitrary electric and magnetic fields. We also allow for imperfect

uv circular polarization by writing the nominal * polarization states as

R = ,/1 -2 E_+ nel¢€+ (26)

A ¢ 1

L=y1-n?e,+ nel®'e_ (27)
respectively, and N, ¢, n', ¢' are

arbitrary real numbers (but n << 1 , N'2 << 1). We then obtain:
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m% = 1:
—E B _ i EX B i Ez B M
A, = +~§~(1 - Q) F— (1 -0Q) +— (1+q) 5 (1 -0q,)

+ (1+Q) -8 —5— (1+0Q) -16 5 (1+0,) o)
' E_8 6 M
—16yT(1+Qi)+—X——2 I+
i 0 EB 0 E_B 0 E_B io M
20 (1 -Q)F 2 (1 -q + (L+0Q) % (1 - Q)
nt =0
M In &p)
A, = :Er'E B(1 +Q, ) + ;;:'(1 _) + i a - Qi)
BXEXB i M
F 22 - F 1 - 29
P F - - Q) | | (29)
9 E R iE RO '
i—l—z——(l—=Q)————-l_ M(1+Q)
2 2"
m};,=-l
E B iE B iE B
A, =t (1-0)F 1 -4q) (L+@) 5 (1-0)
Im(&P) GXEB ig M
+— 1 +0Q) - 1+4q) - (1 +Q) (30)
i E B oM
+—LE 1 +q) --L 1+0q)
i6 E B 8,E B ' 6_E B i0 M
i——-—Lz A -0Q) +——10-0Q)+—5—1A+q) , 1-19)
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In these expressions Q+ = nei¢,.Q_ = n'ei¢', and GX, 6y, GZ are small
Hanle rotations about the axes x, y, z respectively. Also terms in
nz, n'z, and terms involving hyperfine mixing, and of second order or
higher in misalignment, have been omitted.

It may be shown that Eq'ms 28-30 result in the following contributions

to the quantities AM’ AP’ and AE defined by Eq'ns 13, 14, 15 respectively:

2,.2 ' 1
20E_ 6, ZEOXAEyez 2M £(”/8%) (n cos ¢ +n' cos ¢')

AM _ o _2M + _ + ,
RE E 2 2,.2
oy Foy o oy 8(1 + £a?/8H)
20 AE E 3
+ ——EL—X~(n cos ¢ - n' cos ¢') - ~2BL-(—95 + 06 1(n sin ¢ -~ n' sin ¢")
E RE E X
Oy Oy \" Oy
(31
~ 2 Im (8p) ZEOXAEZ 4EOXAEy EOZ ZAEX EOZ
A, = - - + -6 ) - —Z .9
P BEO EZ EZ EO X EO EO X
y 0y Oy y y y
E
-2 (nsin ¢ + n' sin ¢") é%~—> (éx + Eg§>
0y Oy
2 1 » N
) 4 EOXMey(n sin ¢ + ' sin ¢'")
2
BEOy
2,.2 v ¥
2M £(0"/B")(n cos ¢ = N’ cos ¢")
+
2,.2\2
EOy B(l + £(a“/B ))
20 AE
+ EX X (ncos ¢ +n' cos ¢") : (32)
Oy
) ZEOZEOX ZAEZAEX ZGXEOX ZBXAEXAEY
A= - - + -
E E2 EZ EO EZ
Oy Oy 7 Oy
ZAEZM
- BEZ (nsin ¢ + n' sin ¢") (33)

Oy
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In Eq'n (32) the leading term gives truevpérity violation. The next three
terms account for the effect of misaligned electric field; the last two of
these are modified by the presence of a magnetic field in the x diréétion,
Of the next two terms, proportional to (n sin ¢ + n' sin ¢'), the first
depends on EOZ/EOy and is modified by the magnetic field BX; the second is
much smaller and may be ignored. The seventh term describes the 0-0
dilution effect already accounted for in the second term of eq'ns 19 and
the 4th term of eq'n 20, Sec 4.3. Finally, the eighth term in Eq. (32)

is always very small during the experiment, and may be ignored. Thus,
after the corrections embodied in Eq'ns 19, 20 have been made and small

terms have been ignored there remains the following false parity asymmetry:

2E. AE 20E_ /E 4E. AE [E
A - _ Ox "z _ x [ 0z _ 8 | + 0x_ vy { 0z _ 6
FALSE E2 E0 EO X E2 EO X
Oy y y Oy y

. ‘
_'EEMB'(EQE + 6 ) (n sin ¢ + n' sin ¢') (34)
oy \Yoy %

4.7 Methods of Measuring False Parity Effects

We now describe independent measurements of E AEX, AEZ, AEy’ and

ox’ Foz’
n sin ¢ + n' sin ¢'.
a) Information in Parity Data

AEy: The total signal for each electric field direction, summed over

2
. . . ; + .
regions and laser polarizations, is S(Ei) o EOy * 2EOy Ey. We measure the

asymmetry
s -sE) 208
YE T S(E,) +S(E) E

(35)
Oy

By adjustment of a resistor network in the E field pulser, we maintain
3
EOy

°

AE. < 2 x 10
y
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b) Measurements with Linearly Polarized uv.

AEZ: This can be measured using linearly polarized light at 45° with

respect to the § axis. Let £ = ;%7 (§+2). Then it can be shown that
- 2
the signal sizes for the 0-1, 0-0 lines are:
g%2 B
£ L F _
SOl (Ei) o 5 1 2 7 (36)
y
QZEZ Ez
& o« X + =
S00 (€,) 5 1+ 2 Ey (37)

respectively. TForming the experimental asymmetries:
g+~ Sp-

Spy * Sp_

A(E,) =
- E

where the subscripts E,_ refer to electric field orientation, we find

AEZ 1+ f)A(8+) - A(e)) (38)
E \1 - £ 4
Oy
EOZ/EOy: The linear polarization experiment provides additional
~ 1 ~ a
: $ { T + ine
1nformatlon through AP' With €, 7 (¥ + z), we obtain:
E E
-2M < Oz) < Oz)
A, ===—— |08 +—=}=A |0 +—= (39)
P BEOy x EOy M\ x EOy
where in (39) only the most significant terms have been retained. For
E A
OX = 0, EQE»= Kgu Since this formula applies to both blocked and unblocked
Oy M

data we may use a weighted average of the two results to obtain EOZ/EOy'
If we now employ a magnetic field Bx = +5 gauss, it 1s possible to determine
GX for these fields. The result is GX (5 gauss) = 0.22 * .01, consistent

with the rotation observed in the 1-1 line (Sec 4.5).
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¢) Measurements Employing Magnetic Fields and Cifcularly Polarized Light
EOx/EOy: Returning to:ecircular polarization but using the same

magnetic fields we form the difference between A]3(+6X) and AE:(—GX) to

eliminate terms independent of ex in Eq. (33). Keeping only the significant

term we find

By, Ag (H0) - Ag (-0.)

Ox _ ,
E_ 40 (40)
Oy X
. ] . .
d) AEX/EOy and (n sin ¢ + n' sin ¢'): |
Forming a similar difference for AP one finds
‘ 2AE
- . = ¥ e 1

AP(+6X) AP( GX) ZGX o sin ¢") (41)

By comparing this difference for blocked and unblocked data one obtains:

[y (49) = By (<8) = (B, (+8) + A, (-8)]

. . (42)
(n sin ¢ + n' sin ¢') = Z
7 oy~
AE APb(_e) - APb(+6) AM (A ( ~8) - A (+6)) |
X u
= = (43)
Oy (AMb )
= -1
Avu
EOX AEX
It should be noted that the measured’§r-, 7 , and 1 sin ¢ + n' sin ¢'
Oy Oy
are all diluted by the same polarization analyzing power as A AM’
AE
whereas E, /E. and —= are not. As a result, the various products of
0z" "0y EOy

these terms appearing in A (Eq. 34) all have the same dilutions as AP.

FALSE
To summarize, all possible significant false parity asymmetries appear in
the foregoing analysis, and all terms have been measured by independent

14
experiments,
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5. Data Analysis and Results

5.1 Secondary Data Sets and Auxiliary Data

The sequence in which data are accumulated is shown in Table la. During
one of these sets (which requires about 40 minutes) signal corrections
(Eq.s 19, 20) and normalization are quite constant, since manual adjustments
to the appératus such as mirror rotation and balance of E field are generally
done on a longer time scale.

We define a secondary data point as an average of 80 primary points
(unblocked) and 48 primary points (blocked); One determines the average
parity, M1l and signal asymmetries, and signal sizes necessary to perform the
corrections of Eq'ns 19,20. These.corrections are calculated separately for
each interaction region, averaged, and assigned a statistical uncertainty
determinéd from the combined uncertainty of all the factors in Eq's 19,20.

o

The net correction is subtracted from Al obtain A_ while the

P,obs to

ac i o

uncertainties are combined in quadrature. Each of the A, and associated

.. . -3
uncertainties are then normalized to AM b= 9.0 x 10 to account for the
b4

U

variations in analyzing power between secondary data points which affect parvrity
and Ml asymmetries in the same way. These variations are due to fluctuations
in i.r. power and polarization, and changes in background and 0-0 dilution.
A weighted average of the normalized A; is then taken over a run. (See
Tables 2,3).

Interspersed throughout a run at intervals of approximately 10 basic data
sets, are sets of auxiliary measurements needed to determine EOX, EOx, AEX,
AEZ and (n sin ¢ + n' sin ¢'). A typical sequence of auxiliary measurements

is shown in Table 1b. 1In a typical run, there are about 6 such sequences.

These measurements must also be corrected with Eq'ns 19, 20. In addition
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measurements with Bx # 0 must be corrected for hyperfine mixing and for
reduction of AM by rotation of the polarization away from the z axis. With

A in ¢ +n' sin ¢ '
0x’ EOz, Ex’ AEZ, and N sin ¢ + n' sin ¢' can be extracted

reliably and precisely.

these precautions E

Results of the auxiliary measurements are displaved by run in Table 4.
Quantities AEX AEZ are fairly constant from first to last run, although
perhaps they show a slight increase with time (as the cell degraded
gradually). The values of Ex and EZ also remain fairly constant except
for deviations associated with adjustments of angles and positions of L1,L2
laser beams. The quantity n sin ¢ + n' sin ¢' varies more erratically
from run to run, since it depends sensitively on Pockels cell alignment,
which was reset for each run. There is no indication of variation between
re-alignments. The net ¢ontribution from this term averaged over allrruns

is small.

5.2 Results

The normalized average corrections for a given run are subtracted
from the weighted average of the normalized A;. The statistical
uncertainty associated with each correction is combined in quadrature with
the statistical uncertainty in the normalized A;, for this run. This,
finally is a measurement of the parity asymmetry with associated
statistical uncertainty. Our total data sample consists of 11 such
runs, listed in Tables 2, 3. A weighted average yields

=5
=z +
APb 1.55 + 0.58 x 10

APu = 1.53

(44)

5

0.45 x 10~ (45)

|+
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The data were also treated by applying the field corrections to each
secondary data point and then combining. The results of this method are

very close to the values quoted.

5.3 Correlation Tests

A correlation study was done on the set of 425 secondary data
points, both before and after corrections were applied, to examine the
possible dependence of AP on other system parameters (see Table 5).

Before corrections one finds a high correlation between A and Fb - Fu

P,u

(see eq'n 20) as well as between A and Tb (see eq'n 19). The only

P,b
significant correlation surviving aftér the corrections is between A ,
and Fb - Fu, and it has reversed sign. This suggests that the correction
of Eq'n 20 has been over-estimated (by about 30%). We believe that this
is largely due to reflections in the cell, which can ohly be estimated
crudely. Therefore we average the results of our model (Eq. 20) and

the predictions of the correlation study, and expand the systematic

error to include both possibilities. This lowers the average of Ap,u by

0.10 x 10“5 from that originally calculated. All other correlations with

the corrected data are at an acceptably low level.

5.4 Systematic Uncertainties and Final Results

The systematic uncertainties are summarized in Table 6. Since the
sources of these systematic effects are uncorrelated, we combine the
uncertainties in quadrature. - The final results are

5

>
i

+ + -
P, b (1.55 £ 0.58 £ ,06) X 10

A

Psu

(1.43 + 0.45 * 0.11) x 107°

i

(46)

(47)
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where the first uncertainty in each equation is statistical and the second
is systematic. Since these results are consistent they may be combined

to yield the result

A, = (1.48 £ 0.36 * 0.09) 107° (48)
The corrected result for data taken on the 0-0 line is
AOO = - (0.13 + 0.82 % 0.02) X 10“5, where no 72P1/2 polarization is
expected.
In order to compare with theory we calculate § = 2 Im 8P/M, We take
the ratio 2 AP(O—l)/Aﬁ where Ay = 9.0 X 1Of3 K. The factor K corrects
for reflections from the rear of the main cell, which reduces AM but not
Ap. We estimate K = 1.17, but it might be somewhat smaller, which leads
to a skewness in our final result,
6= (2.82%.7%3) x 107 (49)
This result is consistent with theory, (see Eq'n 5).
6. Conclusions
The result (49) may be expressed in terms of QW’ which is defined as
S _ .2
Qw = Z(1 - 4 sin Gw) - N
. §,.,205
in the standard model, and takes the values Qw(Tl ) = =117.5,
Qg(TlZOB) = -115,5 for sin2 GW = 0,23, We find
= +
Qw,expt(Tl) 155 * 63 (50)

where the uncertainty includes that in (&p)theo as well as the uncertainty

in Sexpt.
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The results of electron scattering and atomic physics experiments
in T1 and Bi may be combined with neutrino-nucleon and neutrino-electron
scattering data to provide a stringent test of neutral weak interaction
theories. In carrying out this analysis it is useful to employ the
simplest model-independent assumptions, as was done by Hung and SakuraiZB.
They show that if one merely assumes le universality, that the contributions
of heavy quérks, C, S,.... may be neglected, and that all neutral weak
currents possess only V and A components, then the theory is characterized

~

by 10 coupling constants &, B, ¥, 6, a, B, Y, S, and g,, which must

8y
be determined by experiment. The neutrino-nucleon scattering data
completely determine o, B, v, and § (up to an overall sign ambiguity),
while neutrino-~electron scattering results determine 8y> 8y UP to a

(two~fold) V,A ambiguity. The polarized electron scattering experiment7’8

yields
5 + % Y = =0.60 + 0.16, B+ 38 = 0.31 + 0.51 (51)

The heavy atom experiments are sensitive to an almost orthogonal linear

combination of o and vy:

Q(T1) = 420 - 6127 (52)

As Hung and Sakurai have noted, further restrictions on the coupling
constants are obtained if one assumes the '"factorization" hypothesis.
Employing result (50), formula (52), and factorization we represent the

resulting constraints on 0 and Y in fig. 7 and obtain:

#

a = -0.69 £ 0.16 (53)

+0.23 * 0.08 (54)

< ¢
1}
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Assuming factorization, Hung and Sakurai show that all 10 constants are
determined without ambiguities and are in excellent agreement with
predictions of the standard model for sin2 GW = (0,23, Without factorization
é and 5 remain undetermined experimentally.

A substantial improvement in the measurement of Im (8p)/3 for the
62?1/2 - 72P1/2 transition in Tl seems possible by means of a technique
utilizing linearly polarized 293 nm light and an external magnetic
field. This experiment is being pursued in our laboratory. The
307% uncertainty in the theory comes from the one-electron cehtral field

atomic wave functions used to calculate &p and B. In principle this could

be improved to 15% by a precise measurement of B.
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Table 1: Data Accumulation Sequences

a) Secondary Parity Data Set.

Circ Pol.uv)Bx = Oz

uubuubu (Bu Bb) bubuubuubuubuubu (Bu Bb) bubuubuub

+| |+ ~ 1 min

time -~

b) Calibration Data
1. Cire Pol. uv, BX = t5 gauss:
8 b...(5 cycles) (Bu Bb)u b...(5 cycles)
2. Lin. Pol. uv, B, = 0:
ubu b..;(S cyéles) (Bu Bb) ubub...(l0 cycles) (Bu Bb) ubub...(5 cycles).
u: Signal + Background, unblocked
b: Signal + Background, blocked
Bu: Background, unblocked

Bb: Background, blocked

Each symbol (e.g., u) represents 4 primary data points,

(4 x 256 = 1024 pulses.)



Run

10

11

Av

-3 4=

Table 2: Parity Data with Mirror ("Unblocked')
(8 5 () _ SYSTEMATIC EFFECTS
A x 10 A x 10 (*1077)

P P (e) (@ (e) (£)
261 159 + 180 52 % 47 | 14 + 63 ! -10 * 38 l—3 *
91 195 + 199 -1 +13 [—30 * 45 ! -27 £7 I—l +

-244 | ~103 * 283 | -13 * 30 ’ 2 £30 I -10 =9 l 0=

~141 -62 146 10 £15 [—30 42 | -21 9 l_l +
272 270 *179 9 23 |-—22'i 52 ! -61 * 15 l—i'i

-221 ~171 * 204 0 +3 ‘ 2 +17 } -8 £ 13 I 0=
192 49 %108 -6 38 I»ZS * 31 | -12 t 8 |-1%
29 124 * 80 -2 5 |-11 t16 |‘-69 19 f—l +
~63 15 *197 15 +21 l 74 * 109 ! —48’i 19 ! 1z

~-141 160 £ 195 16 *25 |-59 t73 | -24 + 12 |-1%
107 302 %136 -1 *13 ’~43 + 51 I -18 + 10 [ -1%

| l l
46 103 4 l -16 [ ~-36 l -1
a) Uncorrected
b) Signal correction included (Eq'n 20)
c) -(nsin ¢ +n' sin ¢')- 2M/EOy EOZ/EOy
d) —2EOZ AEX/Eéy
e) -2E, AEZ/E(Z)y
£) +4E,  E,, AEy/Egy
g) Ap with all corrections.

()
A X
p

106 *
254 +

-82 +

10”7
197
205
286
153
188
205
113
84

227
210

146

153 ¢

45

Weight

2.564
2.379

1.220
4.276
2.817
2.376
7.841
14.201

1.942
2.266

4,680



Run

10

11

Av
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Table 3: Parity Data without Mirror ('"Blocked')
SYSTEMATIC EFFECTS
Ap(i)l°_7 A;bz‘ 10 @ (x(é(;J) | @
194 180 % 251 | 197 * 179 | 14% 63 | -12%
~50 -29 % 247 | -2% 47 [-30% 45 | -14 %
508 542 % 469 | -47 % 111 | 2% 30 | -20%
451 434 % 225 | 39 % 58 |-30% 42 | -22%
73 88 % 324 | 28% 74 |-22% 52 | -35¢%
-358 -362 * 401 0tg | 3t | -15%
23 12% 195 | =30 % 42 |-25% 31 | -8t
130 159 * 110 | -7 * 17 |-11* 16 | -56 %
86 76 269 | 137 191 | 74 * 109 | -53 %
~221 -185* 258 | 61* 99 [-50 % 73 | -24 ¢
133 155 % 186 | -5% 49 |-43%* 51 | -21 ¢
l |
104 118 15 | -18 | -33
(a) Uncorrected
(b) Signal Correction included (Eq'n 19)
(¢) =(n sin ¢ + ' sin ¢") 2M/EOy EOZ/EOy :
(d) -2E,, AEX/Egy
(e) -2By AEZ/Egy
(£) +4E, E, AEy/Egy
(&) Ap with all corrections

11

12

18

27

13

22

10

11

N T N
e S = T~ T = S SR

i+
[

(8) _

Ap x 10
~16 + 315
17 + 256
607 + 483
448 + 236
118 + 337
=350 + 403
76 + 202
234 + 113
~-83 + 348
-162 + 286
225 + 199
155 £ 58

Weight

1.009
1.532
.429
1.789
.881
<617
2.450
7.804
.825
1.223

2.518
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Table 4: Results of Auxiliary Measurements
Run (a) (b) (c) (d)
1 210 = 102 103 % 43 20 % 2 22 % 2
2 -2 X 45 116 * 42 20 * 2 23+ 2
3 -99 + 97 53 + 73 19 = 2 12 £ 2
4 80 + 51 54 * 45 26 £ 2 27 £ 2
5 36 £ 69 86 * 62 26 £ 2 28 £ 2
6 173 -12 £ 63 41 £ 3 41 + 2
7 -39 = 35 85 % 43 23 £ 1 22 £ 1
8 ~-14 * 27 51 % 36 332 33 £ 2
9 |-173 % 69 -88 * 87 26 * 2 24 £ 2
10 43 + 53 158 * 61 17 * 2 21 £ 1
11 =5 * 42 124 * 46 201 22 £ 1
. 3 . [ —3
(a) (n sin ¢ + n' sin ¢') x 10
~4
(b) EOZ/EOy x 10
-4
() (g /By ) > 10
-l
(@) (B, /E) x 10
-5
(e) (A}Ez/EOy)u x 10
-5
() (8E,/Eqy) * 10
-5
(g) AEX/EOy x 10

(e)
17+ 11
48 £ 9
32 25
30 11
83 * 14
10 * 16
22 = 12
83 * 19
70 * 23
44 * 18
31 %15

(£)
22 % 10
28 = 12
42 * 17
34 % 16
51 % 22
16 * 26
14 * 13
67 * 12
71 % 24
54 * 18
40 * 17

10

12

29

14

13

(g)

I+ o i 4+ i+ 4 i+ I+ I+ I+

5

19

11

20

12

16

18

14

12

10
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Table 5: Correlation Tests(a)
Results for 425 Secondary Data Points(b)
L(©) O (@ (e
A (£ .039 42
Pu,r (£)
A t -,019 .70
Pu,s (£)
A t -, 014 .77
Pb,r (£)
A t -.014 77
Pb,s ; -7
A - T .239 6.5 % 10
Pu,r u -2
A ' =T -.103 3.4 X 10
Pu,s b u -2
APb,r Fb .109 2.5 % 10
APb,s Fb .048 .32
APu,s Pul R .019 | 570
APb,s Ful _ -.006 .90
APu,s AE,u .936 46
APb,s AE,b -.058‘ .23
A r .042 .39
Pu,r u
A r -.046 .34
Pu,s u
APu,s APb,s -.,025 .61
A o .039 42
Pu,r u,r
A g .000 1.0
Pu,s u,s -2
g X
APb ‘ b,r .089 6.7 10
APb,s Ob,s .066 .17
A . .
APu,r Mb 026 59
A . .
APu,s Vb 041 | 40
A . .
APb,r Vb 003 95
APb,s AMb .028 v .56
UM AMb -.041 .40
(a) See Sec. 5.3 (b) Secondary Data point defined in Sec. 5.1.
(c) Subscript r: uncorrected; s:  corrected
REDE Y E
ol \&s o
i 1 i

2 WIEE
_.___._x}.__i,__.i.
2. 2 2
(o8 g, a,
i i i
(e) P = probability that the 2 data sets come from uncorrelated parent populations.

(f) "Time" correlation = correlations between successive secondary data points.
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Table 6: Systematic Uncertainties

Source

Possible Contribution to:

APb APu
Uncorrected Signal Asymmetries: <2 X 10-“8 X 10"’8
Hyperfine Mixing: <4 % 10G8 x ].Om8
E = uv correlation: <1 10_7 x lO.8
E, (Imperfect cancellation of 7
residual B )' ' <4 x 107 x 1077
AEZ (Imperfect uv, E subtraction): < 4 X% 10“7 X 10"7
E_ (Misaligned Bx and possible -8 -8
admixture of 1-1 line): <7x10 X 10
AE  (Failure of approximation that
effect is same with and -7 -7
without mirror): <1x10 x 10
Same as previous item for
n sin ¢ + n' sin ¢' : <1 X 10_7 X ]‘0“8
Signal Corrections(a): < 2 X 10—7 X 10—6
Totals combined in quadrature: <6 X% 10-’7 X 10?6
Dilution due to uv polarization -7 -7
imperfection : <2 %10 x 10
(a) See Sec. 5.3
(b) This effect can only reduce the observed asymmetry.
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Figure 1.

Low-lying energy levels of Tl (not to scale).
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Figure 2.
a) Orientation of electric field, polarization, and wave vectors in the
experiment.
b) Schematic diagram of energy levels (not to scale), illustrating
production of polarization in the 72131/2 state, F = 0 > F' % 1
transition, and analysis of polarization by selective excitation to

the 825 state, The amplitudes for the transitions

1/2

2 2
== == - = =
6 Pl/Z’ F 0, mF 0 7°P F 1, m +1 are shown.

1/2° F
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Figure 3. XBL 808 -575|

Schematic diagram of apparatus.
L1, L2: Flashlamp pumped pulsed dye lasers;
ADA: Doubling crystal;
GP: Glan-air polarizing prism;
PC: Pockels cell for production of circularly polarized 293 nm light;

OP0O: Optical parametric oscillator for production of 2.18 u light;

BS: beam splitter; LP: linear polarizers for 2.18 u light;
CP: circular polarizers; E: electric field; L: fused-quartz lenses
LF: liquid filter; F: dnterference filters:

M: retroreflecting mirror; MC: monitor cell.
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Figure 4.

Cell and ovens. V: quartz ball valve and lifter: C: capillary tubes;
M: main oven; Q: cylindrical cell wall; T: tantalum\electrodes;

L: 1lens; S: stem oven; H: tantalum crucible with thallium load.



43~

o -
010 06—~ 4 N
~ 4 5
o> ’ O\\O/ '
£ ood ¢ 1 5
i ° 2
§ B 4«
2 | 3
2 006~ o - g
' O
= Wi , 1 &
8 L004e .
> TYPICAL, |
S:J OPERATION
c‘g 002 , -
o . ‘
S NN NN WOUN (NS ISR (U NN SLSNN NN SN S R
INFRARED POWER
XBL 811-7636
Figure 5.

® : 323 om fluorescent signal vs 2.18 U intensity (right hand scale).

O : Observed Ml asymmetry vs. 2.18 U intensity (left hand scale).
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Figure 6.

Asymmetry in circular polarization of 535 nm decay fluorescence observed
along *z, arising from precession of polarization Px(l—l) due to

magnetic field in the y direction. Solid curve: theory with assumed

value A(72P1/2) = 2,15 % 107 s_l. Points: experimental data.
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Figure 7.
Constraints on 4, Y from:
v-Hadron scattering (factorization hypothesis):
SLAC polarized electron experiment;
Results of the present T1 éxperiment.
The region of the a, ; plane consistent with all of these constraints

is cross—~hatched.






